In the clinical detection of right ventricular hypertrophy, the electrocardiogram traditionally has been the most useful guide. Yet the fact that no unanimity exists in regard to the electrocardiographic criteria for this diagnosis suggests a lack of specificity of the method. In fact, in some series, with right ventricular hypertrophy proven at necropsy, the accuracy of the electrocardiographic diagnosis has been found to be wanting in many instances (Scott, 1960) . The introduction of "uncorrected" vectorcardiographic lead systems (Wilson, Johnston, and Kossmann, 1947; Duchosal and Sulzer, 1949; Grishman and Scherlis, 1952) , with a new set of criteria, has led, initially at least, to considerable enthusiasm about improved diagnostic accuracy (Donoso et al., 1955) . The subsequent development of "corrected" vectorcardiographic lead systems (Schmitt and Simonson, 1955; Frank, 1956; McFee and Parungao, 1961) promised a further improvement in the assessment of right ventricular hypertrophy (Hugenholtz and Gamboa, 1964) , but detailed studies of this problem by these new techniques have thus far been lacking.
In order to evaluate the relative merits of the most frequently used lead systems (standard electrocardiogram, cube vectorcardiogram, Frank vectorcardiogram) , each was applied in quick succession to patients with proven right ventricular hyperten-sion. Only patients with congenital valvar pulmonary stenosis were subjected to this analysis in an effort to study only the effects of concentric hypertrophy of the right ventricle.
SUBJECT AND METHODS
The group consisted of 50 patients with congenital valvar pulmonary stenosis, aged from 21 to 23 years.
There were 25 female and 25 male subjects. All were studied by cardiac catheterization and the electrocardiographic and vectorcardiographic records were obtained shortly before or after the catheterization procedure. Details of the latter have been given before (Hugenholtz and Gamboa, 1964) . All studies were done under resting circumstances after premedication with a meperidine-phenergan-chlorpromazine compound. Cine-angiograms or biplane angiograms were obtained in all patients to confirm the diagnosis. From cardiac output determinations, immediately preceding or following the recording of right ventricular and pulmonary artery pressures, valve area and stroke work were calculated.
In 30 of these patients both cube and Frank vectorcardiograms were recorded in quick succession as previously described (Hugenholtz and Gamboa, 1964 
RESULTS
All pertinent data in the 30 patients are given in Table I , arranged in order of increasing ventricular pressures. Right ventricular hypertension was present in all patients and ranged from 38 to 196 mm. Hg peak systolic pressure at rest. Cardiac index was within normal limits in 20 (2-5 to 4-5 1./min. m.2) but was slightly raised in 10 patients, 9 of whom showed mild increases in heart rate at the time of study. A small atrial right-to-left shunt was present in 3 patients. In these, the cardiac index given represents pulmonary flow.
Pulmonary valve areas ranged from 2-00 cm.2 to 0-05 cm.2 per patient. Right ventricular stroke work progressively increased as the severity of the stenosis increased. Cine-angiocardiography confirmed the valvar nature of the obstruction in all and showed additional infundibular stenosis in 8 patients.
The vectorcardiographic measurements showed a gradual increase in magnitude of the MRSV and SMRSV parallel to the increase in right ventricular pressure. The MRSV as determined from the Frank system ranged from 0 77 to 3-31 mV. The SMRSV ranged from 3-16 mV to 12-52 mV. The magnitude of these measurements was much smaller in the data recorded by the cube system, 0 34 to 1-87 mV for MRSV and 1-58 to 5-76 mV for SMRSV. In contrast the L/R ratios were quite similar in both systems. The electrocardiographic data were variable and did not show the gradual increase in magnitude paralleling the increase in right ventricular hypertension.
A linear relation was found between MRSV (Frank) and right ventricular peak pressure (RVPP), r = 085, p <0-001, standard error of the estimate (S.E.E.) 30 mm. Hg. The regression equation applicable to the data derived by the Frank system is RVPP = 60-48 mV + 0-22. For the cube data r=0-80, p<0 001, and S.E.E. was 37 mm. Hg (Fig. 1) . Since in this and all other comparisons the correlation coefficient derived from the Frank system data exceeded those from the cube system data, regression equations for the latter were not calculated. Among the electrocardiographic data, the measurement of the S in lead I + R in V1 + S in V6 gave the best correlation from any of the electrocardiographic measurements, but was still below the VCG correlations, r=0-60, p<0.001, S.E.E. 45 mm. Hg (Fig. 2) . When the number of observations was increased to 50, the correlation coefficients were 0-87 (Frank) , 0-82 (cube) , and 0-64 (ECG), while S.E.E. remained virtually unchanged at 28, 32, and 50 mm. Hg, respectively.
Each of the conventional ECG criteria gave a much lower correlation. For the relation between the amplitude of R in Vl and RVPP, r was 0 57, S.E.E. 50 mm. Hg (n = 30, Fig. 2 ), while adding R in Vl to S in V6 decreased the calculated coefficient to 0*30 (n = 50). The R/S ratio in VI also gave an insignificant correlation with RVPP, r = 0*12.
A more ideal correlation, again showing a linear relation, was found between SMRSV and RVPP ( Fig. 3 ). For the Frank data, r = 0*90, p <0*001, S.E.E. 23 mm. Hg, and for the cube data, the correlation coefficient was 0-83, p <0001, S.E.E. 32 mm. Hg. The regression equation for the Frank findings is RVPP= 18*0 mV-12. When the larger group (n = 50) was used, again the r value changed little, 0 90 and 0 82 respectively, but the S.E.E. decreased further to 20 and 30 mm. Hg, respectively. Thus the chief effect of the increase in the number of observations was a decrease in S.E.E., while the correlation coefficient remained essentially unchanged from that found in the smaller, truly comparable, group.
There was a satisfactory relation between the L/R ratio and the RVPP (Fig. 4) . In contrast to the These ouservations are reflected in the measurements given in the Table and show 
DISCUSSION
Recently, the relation between chronically increased pressure as a physiological parameter and the electromotive forces of the myocardium has been explored (Hugenholtz and Gamboa, 1964) . It was concluded that the augmented electromotive forces in patients with hypertrophy were indeed linearly related to a continually increased intraventricular pressure through changes in the histology of the myocardium. In addition it was shown that such electrical forces were not subject to acute changes in myocardial performance and should be considered to reflect the prevalent peak pressure in the ventricle. Since, clinically, the assessment of the physiological state is of more importance than the exact knowledge of heart weight or wall thickness, the application of resting right ventricular peak pressure as the basic parameter, against which the performance of three commonly used lead systems was measured, appears justified.
The data clearly show the superiority of the orthogonal lead system of Frank (r = 0 90) over the cube system (r = 0.83) and the standard electrocardiogram (r=0.60), even when the "best" criteria [SMRSV, and S 1 + RV1 + SV6] are applied (Fig. 1, 2, and 3) Fig. 3 and 4) . Correlations with pulmonary valve area were less significant (Fig. 6 ) and those with stroke work were insignificant. These findings are in keeping with the concept (Monroe, 1964) that the production of peak pressure is, metabolically speaking, the most "costly" performance of the heart and is the dominant factor leading to anatomical changes. Since calculation of pulmonary valve area and stroke work reflects displacement of stroke volume, myocardial function may vary widely without influencing myocardial oxygen consumption or myocardial histology. Thus, it is not surprising to find a less satisfactory correlation with these parameters (Haywood, Selvester, and Griggs, 1961) . A satisfactory, though non-quantitative, correlation of stroke work with the cube vectorcardiogram has been found, however, in atrial septal defects (Liebman and Nadas, 1960) , a lesion where augmentation of stroke volume may become so large that it exceeds the influence of pressure in the calculation of stroke work. It should be stressed, therefore, that the correlations found in the present study apply only to the simplified "model" of pure pulmonary stenosis (valvar) with concentric hypertrophy, where factors such as dilatation of the right ventricle are not present and stroke volume and stroke work vary but little.
The discrepancies in the performance between both vectorcardiographic systems, already predicted on the basis of theoretical considerations (Pipberger and Lilienfield, 1958; Brody and Arzbaecher, 1964) morphological appearance seem to be also related to the manner in which both systems record the changing dipoles occurring in right ventricular hypertrophy.
In the absence of right ventricular conduction defects (Milnor, 1957) , the development of right ventricular hypertrophy may be expected to influence the balance with left ventricular forces in a linear fashion. Early in this process more initial QRS forces will escape the left ventricular cancellation effect (Cohen, Abildskov, and Jacobson, 1961) and become oriented anteriorly. Simultaneously with this, late QRS forces may increase in magnitude without much change in their orientation. With further increases in right ventricular mass, more QRS forces may deviate to the right and the resultant QRS forces in the mild portion of the QRS complex may deflect either anteriorly or posteriorly (Strang et al., 1963) . Eventually, when right ventricular mass significantly exceeds that of the left ventricle, all QRS forces, early, mid, and late will deviate anteriorly and to the right. This process was observed unusually early in the records obtained by the cube system. In fact, mild degrees of right ventricular hypertension (associated with prefectly normal heart size by radiograph, Cases 3-9, Table) have led in each instance to a complete reversal of the inscription in the horizontal plane cube vectorcardiogram ( Fig. 7  and 8 
